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A high spin isomer with spin 252 and mean lifetime of 220 ms has been observed at an excitation
energy of 4772 keV in 212At. The measured E3 decay rate for the 224 keV transition deexciting this
level is enhanced but significantly lower than those observed in the neighboring isotopes or predicted
using a multiparticle octupole coupling model. The relatively simple configurations involved in this
decay and the close relationship to neighboring states allow a clear association to be made between the
occupation of a specific single particle orbital and a blocking of the octupole vibrational correlation.
[S0031-9007(98)05454-4]
PACS numbers: 21.10.Tg, 21.60.–n, 23.20.Lv, 27.80.+wThe major elementary excitations in nuclei can be
associated either with single particle or collective modes
and while these modes can exist in isolation it is the
interaction between them that gives nuclear spectroscopy
its rich diversity. The nuclei near the doubly closed 208Pb
core provide some of the best examples of the success of
the single particle shell model and, paradoxically, some
of the best examples of the coupling of a single particle
to the octupole vibrational mode. The importance of
particle-octupole vibrational interactions for heavy nuclei
arises because of the presence of a large number of
orbitals with the angular momentum differences Dj ­
Dl ­ 3 [1,2]. For simple one-particle excitations the
coupling involves specific proton or neutron orbitals,
but when both proton and neutron orbits are involved,
nonlinear couplings lead to even more dramatic effects,
as occurs, for example, when high spin states are formed
by the aligned spins of a few valence protons and neutron
orbits occupied following core excitation [3]. High spin
isomeric states close to the yrast line (the locus of
highest spin at minimum energy) which deexcite via
very strong E3 transitions result, and the last few years
have seen a detailed understanding of the development
of their structure as one moves away from the 208Pb
core. In particular, isomers in the astatine sZ ­ 85d
[4], radon sZ ­ 86d [5], francium sZ ­ 87d [6], and
radium sZ ­ 88d nuclei [7] have been explained in terms
of these many-particle octupole couplings. While the
structure of specific nuclei is well explained there remain
problems and contradictions. For example, how does
the octupole vibrational-particle coupling relate to the
development of the stable reflection asymmetric deformed
shapes observed in neutron rich systems only a few
neutrons away [8]? Earlier work has attempted to address
the question of how the octupole energy changes as
one moves away from the closed shell [9]; however,
what is unclear is the extent to which excitations into
single particle orbits, which are major components of the
octupole vibrational state in a microscopic description,
result in a blocking of the octupole correlation.0031-9007y98y80(10)y2077(4)$15.00Former studies have identified states in the isotopes
209At, 210At, and 211At [4,10] in which the proton-neutron-
vibrational couplings of interest occur in core-excited
states. In the current work we present results for N ­ 127
nucleus 212At, where the presence of a valence neutron
results in multiparticle octupole couplings in states of low
excitation energy. Yrast states in 212At have previously
been observed up to an excitation energy of around
2 MeV by Sjoreen et al. [11] and low spin states were
identified as part of decay studies by Lönnroth et al. [12].
A series of measurements was performed using beams
from the 14UD Accelerator at the Australian National
University. All experiments used the 208Pbs7Li,3nd212At
reaction, on enriched metallic foils, 3 mgcm22 thick, with
beam energies between 32 and 44 MeV. Gamma-gamma-
time, gamma-time, and angular distribution measurements
were performed using the CAESAR Compton suppressed
Ge detector array [13].
A variety of timing measurements with different duty
cycles was performed to search for isomeric states rang-
ing in lifetime from a few ns to sec. Coincidence experi-
ments were performed with beams of duty cycle 1 ns on
and 856 ns off and of duty cycle 107 ms on and 535 ms
off. Conversion electrons were detected in separate experi-
ments using a superconducting solenoidal electron spec-
trometer operated in lens mode [14] to transport electrons
to a cooled Si(Li) detector. A duty cycle of 86 ms on and
485 ms off was used for this experiment, with events oc-
curring only in the out-of-beam period recorded. Off-line
analysis included momentum matching of the events [14].
A principal result of the present study is the identifi-
cation of a high spin isomeric state with a mean life of
220s7d ms, at 4772 keV. A partial level scheme showing
states depopulated in its deexcitation is shown in Fig. 1.
All transitions observed in the out-of-beam coincidence
spectrum with intensities greater than 0.5% of the to-
tal 212At intensity have been placed in the level scheme.
(Details of a number of other new transitions observed to
feed the main yrast sequence around an excitation energy
of 2 MeV, but not in the decay path of the isomer will© 1998 The American Physical Society 2077
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rows represent the relative g-ray intensities observed following
the 208Pbs7Li,3nd reaction at 40 MeV. Mean lifetimes indicated
at the right.
be found in the work of Bayer et al. [15].) The present
Letter will be concerned with the characterization of the
252 state at 4772 keV.
Out-of-beam g-ray and conversion electron spectra are
shown in Fig. 2. The level scheme up to the 132 state
at 1540 keV is in accord with that of Sjoreen et al. [11].
Placement of a 64 keV transition directly feeding this state
is based on coincidence data collected at different bom-
barding energies. We found no evidence for the specu-
lative 75 keV transition placed at this point by Lönnroth
et al. [12]. The 608 keV transition, connecting states at
2212 and 1604 keV, was also seen by Sjoreen et al. [11].
The 14 and 38 keV transitions which are part of the main
decay path were not seen directly in the current experi-
ments, but are inferred from coincidence relationships.
The ordering of the 534, 1643, and 107 keV transitions is
fixed by the coincidence and excitation function data and
the 224 keV transition is placed as directly deexciting the
4772 keV isomeric state.
The conversion coefficients, either directly measured
for K, L, and M lines or derived from g-ray intensity
balances for total conversion coefficients, allow the firm
assignment of spins and parities up to the 181 level at2078FIG. 2. Gamma-ray and conversion electron spectra obtained
in the out-of-beam period s51 168 msd. Contributions from
long lived activities have been subtracted and contaminant lines
from 211At are indicated. The inset shows the decay curve
obtained from beam g measurements with a pulse separation
of 1.8 ms.
2250 keV. Feeding this state we have placed a 14 keV
transition depopulating the 2263 keV state. Strength lim-
its implied by the lifetime measurements restrict the mul-
tipolarity of the 14 keV transition to be dipole and while
E1 multipolarity cannot be excluded rigorously, M1 is
favored and therefore a 191 assignment is more likely
for the 2263 keV level. (This assignment is consistent
with both systematics and the results of shell model cal-
culations [15].) The multipolarity assignments to the 534,
1643, and 107 keV transitions are all confirmed by con-
version coefficient measurements. The E3 character of
the 224 keV transition is demonstrated clearly in the elec-
tron spectrum shown in Fig. 2, with conversion occurring
mainly in the L shell. Despite the relatively long lifetime,
the transition strength, 70s2d 3 103e2 fm6, corresponds to
an enhancement of 26(1) single particle units (s.p.u.) and
indicates the presence of octupole components in the wave
function for the initial and final states.
Up to the 211 state at 4547 keV, all states observed
in the present work can be understood in terms of proton
excitations among the h9y2, f7y2, and i13y2 orbitals and
neutron excitation within the g9y2, i11y2, and j15y2 orbitals.
It should be noted that the f7y2, i13y2, g9y2, and j15y2
orbitals are, in general, not pure and can couple to the
octupole vibration giving mixed wave functions. Orbitals
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in the following discussion by a tilde.
The 252 and 221 states can be understood to arise
from core excitation of neutrons. They are analo-
gous to the 39y22 and 33y21 states observed at
4815 and 4380 keV, respectively, in 211At and are
formed by the addition of an i11y2 neutron to the 211At
configurations, giving pfh29y2i˜13y2gng˜9y2p
21
1y2i11y2 and
pfh29y2f˜7y2gng˜9y2p
21
1y2i11y2, respectively. In simple terms,
the very long lifetime in 212At at spin 252 (220 ms
compared to 6.1 ms for the 39y22 state in 211At) arises
because of the difference in the kpi13y2ni11y2l and
kpf7y2ni11y2l residual interactions which results in a
reduced separation between the 252 and 221 states.
While the strengths of the two E3 transitions are com-
parable, namely, 26(1) s.p.u. and 31(0.5) s.p.u. for 212At
and 211At, respectively, the difference between the two
values is significant, as will be discussed in the context of
particle-vibration coupling below.
The basic formalism of the multiparticle octupole
(MPOC) calculations has been discussed in a number of
previous publications [4–6]. The approach is to expand
the basis to include explicitly the coupling to the octupole
vibrational state. For example, wave functions containing
ji˜13y2l are replaced by aji13y2l 1 bjf7y2 › 32l.
The energies of the diagonal states are determined
by complete reduction to two-body interaction energies.
Where possible these are taken from experiment, although
care must be taken for those interactions which involve
states whose energies already include the effects of the oc-
tupole interaction, in which case bare interaction energies
must be used. Our approach has been to adjust these bare
interactions (specifically the kpi13y2ng9y2l, kpf7y2ng9y2l,
kpi13y2nj15y2l, and kpf7y2nj15y2l combinations) to re-
produce the energies of the 39y22 and 33y21 states in
211At, although these interactions are further constrained
by the requirement that they must also reproduce asso-
ciated states in bismuth, polonium, and astatine isotopes.
The energies chosen reproduce well the absolute energies
of the states in all these nuclei, with the worst agreement
less than 100 keV. Where the octupole vibrational state
energy is involved in the calculation we have taken it to
be the same as the 32 state in 208Pb, namely, 2614 keV,
notwithstanding the reduction in energy observed for the
32 state in 210Po and the inferred reduction in 32 ener-
gies as one moves further from the closed core [9]. Off-
diagonal energies in the calculation are obtained by using
surface delta interaction matrix elements and the octupole
vibration-particle matrix elements given by Hamamoto
[2]; hsi13y2, f7y2 › 32d ­ 2910 keV and hs j15y2, g9y2 ›
32d ­ 2770 keV. These values have been used to
calculate the transition strength of the 29y21 ! 23y22
transition in 211At from the pfh29y2 i˜13y2g and pfh
2
9y2f˜7y2g
configurations; the result, shown in Fig. 3, agrees well
with the experimental value.
Wave functions, energies, and transition rates were
subsequently calculated for the 252 and 221 states in212At, and also for corresponding states in 210At and 211At,
which are related to these by the addition of neutron
orbits which are not directly coupled to the octupole
vibration. The results for the isotopes are shown in
Table I, with particular basis states obtained by taking the
orbitals indicated in the left-most column combined with
the spectator orbits indicated under each state label. For
example, the 39y22 state in 211At differs from the 191
state in 212At by the addition of a p211y2 hole. The results
given in Table I are in good agreement with experiment
for both the energies and transition strengths, particularly
for the 210At and 211At isotopes. It should be noted
that the transition strength is not dependent strongly on
the energies of the states; for example, changing the
interaction energies so that the separation of the 39y22
and 33y21 states in 211At is reduced by 100 keV changes
the transition strength by only 1%.
Measured and calculated transition strengths are shown
in Fig. 3. (The 213At calculation is for the predicted
49y21 and 43y22 states in which the i11y2 neutron will be
present without core excitation.) The data show clearly a
reduction in the transition strength for the state involving
the i11y2 neutron orbital, a reduction which is not predicted
by the calculation. In contrast, the calculations reproduce
well the change in going from 211At to 210At when a
further p211y2 hole is added. This orbital dependent change
in behavior can be understood in terms of blocking of
components of the octupole vibration.
Microscopically the wave function for the 32 state in
208Pb may be written [2] as
j32l ­ 0.36jpsh9y2d213y2dl 1 0.27jps f7y2s211y2dl
1 0.27jpsi13y2h2111y2dl 1 0.44jnsg9y2p213y2dl
1 0.37jnsi11y2f215y2dl 1 0.3jns j15y2i2113y2dl 1 . . . .
The degree of blocking of octupole correlations follow-
ing occupation of a particular orbital depends on both the
amplitude of the particle-hole excitation in the 32 ex-
pansion and the relative alignment of the components,
FIG. 3. Comparison of experimental and calculated transition
strengths for the At isotopes. The point indicated by the
triangle is for the noncore excited 29y21 ! 23y22 transition
in 211At [16].2079
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with the maximum effect occurring for couplings with
the highest degree of alignment [17]. The p211y2 hole
is not one of the dominant orbitals involved in the
32 excitation and is already present in the core-excited
211At configurations. Consequently, we see no change
in octupole strength when this orbital is added to the
211At “core” configuration. In contrast, a significant
effect is expected for the ni11y2 orbital since it has
a large amplitude and an extreme alignment in the
octupole expansion and is maximally coupled in these
configurations.
Empirically, the effect of blocking by the ni11y2 neu-
tron can be estimated by adjusting the octupole parame-
ters before diagonalization. Scaling both the interaction
strengths and transition matrix elements linearly with the
amplitude of the octupole vibration [2] and assuming a
sum rule of the form BsE3:32 ! 01d"v3 ­ const [9],
a decrease in octupole strength of 9% is required to re-
produce the transition strength observed in 212At (corre-
sponding to a change in octupole energy from 2614 to
2850 keV).
Theoretically, the effects of blocking on the energy
splitting of the single particle-vibration multiplets can be
calculated using second order perturbation theory [17]
or, for example, using Dyson’s boson expansion methods2080[18], giving energy shifts of the order of 100 keV [2].
The situation is more complex with multiparticle states
since essentially every valence particle added is also a
major component of the octupole wave function. A full
calculation would require a recalculation of the octupole
properties constrained by the occupation of several single
particle orbits and is outside the scope of the present work.
The degree of blocking deduced in the present case from
the addition of a single particle implies that one would ex-
pect a severe reduction in multiparticle octupole coupling
effects as one adds particles to the core. Experimentally
this is not the case, and the MPOCmodel is very successful
in describing nuclei, with as many as seven active orbitals,
using the octupole parameters of the 208Pb core [3]. The
inference to be drawn is that the blocking, which tends to
weaken the octupole correlation, is being compensated for
by an increase in the susceptibility for octupole vibrations
of the core. Indeed, the result suggests that nuclei with
even a relatively small number of valence particles must
have significant core octupole collectivity.
We would like to thank the academic and technical staff
of the ANU 14UD Accelerator Facility for their continued
support and Professor J. Blomqvist for helpful discussions
regarding the work.
*Joint appointment with the Department of Physics and
Theoretical Physics, The Faculties.
[1] I. Bergström et al., Phys. Lett. 32B, 476 (1970).
[2] I. Hamamoto, Phys. Rep. 10, 63 (1974); I. Hamamoto, in
Elementary Modes of Excitation in Nuclei, Proceedings
of the International School of Physics “Enrico Fermi,”
Course LXIX, edited by A. Bohr and R.A. Broglia
(North-Holland, Amsterdam, 1977).
[3] G. D. Dracoulis, in Proceedings of the XX Zakopane
School, 1990 (World Scientific, Singapore, 1990).
[4] G. D. Dracoulis et al., Nucl. Phys. A462, 576 (1987).
[5] S. J. Poletti et al., Nucl. Phys. A448, 189 (1986).
[6] A. P. Byrne et al., Phys. Lett. B 217, 38 (1989).
[7] A. E. Stuchbery et al., Nucl. Phys. A482, 692 (1988).
[8] P. A. Butler and W. Nazarawicz, Rev. Mod. Phys. 68, 349
(1996).
[9] G. D. Dracoulis et al., Nucl. Phys. A493, 145 (1989).
[10] K. H. Maier et al., Phys. Lett. 35B, 401 (1971).
[11] T. P. Sjoreen et al., Phys. Rev. C 20, 960 (1979).
[12] T. Lönnroth, V. Rahkonen, and B. Fant, Nucl. Phys. A376,
29 (1982).
[13] G. D. Dracoulis and A. P. Byrne, “Nuclear Physics
Annual Report,” Australian National University, 1989
(unpublished).
[14] T. Kibédi, G. D. Dracoulis, and A. P. Byrne, Nucl.
Instrum. Methods Phys. Res., Sect. A 294, 523 (1990).
[15] S. Bayer et. al. (to be published).
[16] S. Bayer, A. P. Byrne, and G.D. Dracoulis, Nucl. Phys.
A591, 104 (1995).
[17] A. Bohr and B.R. Mottelson, in Nuclear Structure
(Benjamin, Reading, MA, 1975), Vol. II, p. 429.
[18] S. Iwasaki, P. Ring, and P. Schuck, Nucl. Phys. A339, 365
(1980).
